A central question in lignin biosynthesis is how guaiacyl intermediates are hydroxylated and methylated to the syringyl monolignol in angiosperms. To address this question, we cloned cDNAs encoding a cytochrome P450 monooxygenase (LsM88) and a caffeate O-methyltransferase (COMT) from sweetgum (Liquidambar styraciflua) xylem. Mass spectrometry-based functional analysis of LsM88 in yeast identified it as coniferyl aldehyde 5-hydroxylase (CAld5H). COMT expressed in Escherichia coli methylated 5-hydroxyconiferyl aldehyde to sinapyl aldehyde. Together, CAld5H and COMT converted coniferyl aldehyde to sinapyl aldehyde, suggesting a CAld5H͞COMT-mediated pathway from guaiacyl to syringyl monolignol biosynthesis via coniferyl aldehyde that contrasts with the generally accepted route to sinapate via ferulate. Although the CAld5H͞COMT enzyme system can mediate the biosynthesis of syringyl monolignol intermediates through either route, k cat ͞K m of CAld5H for coniferyl aldehyde was Ϸ140 times greater than that for ferulate. More significantly, when coniferyl aldehyde and ferulate were present together, coniferyl aldehyde was a noncompetitive inhibitor (K i ‫؍‬ 0.59 M) of ferulate 5-hydroxylation, thereby eliminating the entire reaction sequence from ferulate to sinapate. In contrast, ferulate had no effect on coniferyl aldehyde 5-hydroxylation. 5-Hydroxylation also could not be detected for feruloyl-CoA or coniferyl alcohol. Therefore, in the presence of coniferyl aldehyde, ferulate 5-hydroxylation does not occur, and the syringyl monolignol can be synthesized only from coniferyl aldehyde. Endogenous coniferyl, 5-hydroxyconiferyl, and sinapyl aldehydes were detected, consistent with in vivo operation of the CAld5H͞ COMT pathway from coniferyl to sinapyl aldehydes via 5-hydroxyconiferyl aldehyde for syringyl monolignol biosynthesis.
Lignin in angiosperms is composed of guaiacyl and syringyl monomers, whereas gymnosperm lignin consists almost entirely of guaiacyl moieties (1) . The importance of the syringyl constituent in facilitating overall lignin degradation for more efficient materials and energy production from angiosperm than from gymnosperm wood has long been established (2) (3) (4) . In contrast, the biosynthesis of syringyl lignin is not well understood.
It has been thought that syringyl lignin biosynthesis involves a cytochrome P450 ferulate 5-hydroxylase (F5H)-catalyzed conversion of guaiacyl intermediate ferulate to 5-hydroxyferulate followed by a caffeate O-methyltransferase (COMT)-mediated reaction to sinapate (1, (5) (6) (7) (8) (9) . Current understanding of F5H function in plants is based solely on the in vitro enzymatic activity of proteins from Populus euramericana (8) . Ferulate was believed to be converted into a product that was ''tentatively proposed'' as 5-hydroxyferulate (8) , but the structure of this product must yet be corroborated to demonstrate F5H activity. In fact, 5-hydroxyferulate as an intermediate for monolignol biosynthesis has not been reported in planta. Although a putative F5H cDNA was recently cloned from Arabidopsis, its biochemical function remains unknown (10, 11) . Overexpression of this cDNA in Arabidopsis mutant ( fah1) lines deficient in syringyl lignin (12) restored the accumulation of syringyl-enriched lignin, but did not result in detectable F5H enzymatic activity (11) . It is also known that, based on in vitro studies, proteins from various angiosperm species cannot activate sinapate into its CoA derivative for syringyl lignin biosynthesis (13) (14) (15) . Taken together, these results challenge the conventional concept of a ferulate 5-hydroxylation͞methylation-regulated biosynthesis of syringyl lignin in angiosperms. Based on this and on the general lack of evidence that ferulate 5-hydroxylation is involved in syringyl monolignol biosynthesis, we hypothesize that F5H may encode an enzyme that catalyzes 5-hydroxylation of guaiacyl intermediates other than ferulate to initiate the biosynthesis of the syringyl monolignol. We therefore examined the 5-hydroxylation and methylation reactions in lignifying xylem of an angiosperm tree species, sweetgum (Liquidambar styraciflua), to investigate the entrance pathways to syringyl lignin and thereby test the validity of the traditionally accepted pathway.
primer were used for PCR. The amplified cDNAs were cloned into a pCRII vector (Invitrogen) and sequenced. Sequencing of 24 independent clones classified them into five separate groups, of which three, namely LsM4, LsM7, and LsM8, could be assigned to the CYP73, CYP98, and CYP84 gene families, respectively. LsM8 was used to screen the cDNA library to obtain a full length cDNA, designated LsM88, and sequenced (GenBank AF139532). By using an aspen (Populus tremuloides) COMT-encoding cDNA (PtOMT1) (17) to screen the same sweetgum cDNA library, a full-length cDNA, designated LsCOMT, was cloned and sequenced (GenBank AF139533), and exhibited 80% amino acid sequence identity to PtOMT1. The GCG software package (Genetics Computer Group, Madison, WI) was used for sequence analysis. Northern and Southern blotting were performed according to Tsai et al. (18) .
Expression of Recombinant LsM88 and LsCOMT in Escherichia coli, Preparation of Anti-LsM88 Polyclonal Antibodies, and Western Blotting. The plasmid vector pQE30 (Qiagen, Chatsworth, CA) was used for the expression of LsM88 cDNA in E. coli. The first 30 amino acids of LsM88 consisting of many hydrophobic residues involved in endoplasmic reticulum targeting were replaced by an alanine codon (GCT) for high expression of the transgene (19) in E. coli. This modification was achieved by PCR mutagenesis by using a pair of LsM88-specific primers that introduced BamHI sites at the 5Ј and 3Ј ends of the PCR product that was cloned at the BamHI site of the pQE30 vector to give the expression plasmid pQE⌬LsM88. This expression plasmid, in which the LsM88 cDNA was sequenced and confirmed to have no PCR errors, was used to transform E. coli strain M15 for expression according to Li et al. (20) . The truncated LsM88 protein was harvested from bacterial cells and affinity purified by using a Ni 2ϩ -NTAagarose column (Qiagen) according to the manufacturer's protocol. Anti-LsM88 polyclonal antibodies were raised in rabbits (Alpha Diagnostic, San Antonio, TX) and used for Western blotting, as described (20) . E. coli-expressed LsCOMT was prepared according to Li et al. (20) .
Coexpression of Sweetgum LsM88 with Arabidopsis NADPH-Cytochrome P450 Reductase (CPR) in Yeast. To use adenine as a selection marker, we altered the ADE 2 gene (21) of the INVSc1 host strain of yeast Saccharomyces cerevisiae (Invitrogen) and designated the mutated form as INVSc2. The Arabidopsis CPR cDNA (EST clone G8A6, ABRC) driven by a GAL promoter was then integrated into the INVSc2 genome by homologous recombination, giving rise to the INVSc2(CPR) strain. LsM88 cDNA driven by a GAL promoter was placed into the autonomously replicating vector pYAL by cloning the ADE2 gene into the pYX243 vector (Novagen͞R & D Systems) and then selected by using adenine and leucine as the markers. This LsM88 expression vector (pYAL-LsM88) was transferred into INVSc2(CPR) to create the INVSc2(CPR)͞pYAL-LsM88 yeast strain for coexpressing CPR and LsM88 cDNAs. The expression of INVSc2(CPR)͞ pYAL-LsM88 and control cells transformed with pYAL alone [INVSc2(CPR)͞pYAL], and the preparation of microsomal fractions from these cells was carried out as described (22) . P450 was measured from the reduced-CO difference spectrum (23) . Microsomal NADPH-cytochrome c reductase activity was determined as described (24) . Protein concentrations were determined by using the Bradford dye-binding reagent (BioRad) with BSA as the standard.
Chemicals. 5-Hydroxyferulate, feruloyl-CoA, and 5-hydroxyferuloyl-CoA thioesters were synthesized as described (20, 25) . 5-Hydroxyconiferyl aldehyde was synthesized from 5-hydroxyvanillin by first condensing it with monoethyl malonate to give ethyl 5-hydroxyferulate, which was ethoxyethylated with ethyl vinyl ether and DL-10-camphorsulfonic acid in CH 2 Cl 2 ͞tetrahydrofuran (10͞1) to yield ethyl 5-hydroxyferulate diethoxyethyl ether. This ether was reduced by diisobutylaluminum hydride in CH 2 Cl 2 to give 5-hydroxyconiferyl alcohol diethoxyethyl ether, followed by oxidation with activated MnO 2 in CH 2 Cl 2 to afford 5-hydroxyconiferyl aldehyde diethoxyethyl ether, of which the ethoxyethyl groups were hydrolyzed by HCl in acetone to produce 5-hydroxyconiferyl aldehyde, and its structure was confirmed by 1 H-and 13 C-NMR, C,H-correlation spectroscopy, and heteronuclear multiple bond connectivity, and MS. NMR spectra were recorded with a JNM-LA400MK FT-NMR System (JEOL). Electron impact mass spectrometry (70eV) was recorded with a JMS-DX303HF mass spectrometer equipped with a JMA-DA5000 Mass Data System (JEOL). 5-Hydroxyconiferyl aldehyde: . O-methyltransferase activity was assayed according to Li et al. (20) , except nonradioactive S-adenosyl-L-methionine was used and 1 g ocoumarate as internal standard. The ethyl acetate extracted and dried reaction mixtures were dissolved in 30 l of HPLC mobile phase (20% acetonitrile in 10 mM formic acid, pH 2.7). Samples of 15 l were injected automatically onto a Supelcosil LC-ABZ column (15 cm ϫ 4.6 mm ϫ 5 m, Supelco), and compounds were separated isocratically at 40°C and a flow rate of 1 ml͞min with an HP 1100 LC system and detected by an HP 1100 diode array detector and an HP 1100 LC-MSD with an Atmospheric Pressure Ionization-electrospray source in negative ion mode (Hewlett Packard). The reaction products were identified and quantified based on the authentic standards. 5 reaction mixture after incubating either 0.5 mM coniferyl aldehyde, 0.5 mM ferulate, or 0.5 mM of both with a mixture of 100 pmol CAld5H-containing yeast microsomes and 9.5 g protein extract from LsCOMT-containing E. coli cells. 5-Hydroxyconiferyl aldehyde and sinapyl aldehyde were products (red or green) from coniferyl aldehyde or a mixture of coniferyl aldehyde and ferulate. 5-Hydroxyferulate (Rt 3.85 min) and sinapate (Rt 5.98 min) were products (blue) from ferulate. I.S. was o-coumarate in B and C. ferulate. After HPLC separation, all enzymatic reaction products were confirmed for their purity and identity and were quantified based on the authentic compounds. In preliminary experiments, plant protein extracts were used to test the enzymatic 5-hydroxylation of ferulate and its downstream derivatives, feruloyl-CoA, coniferyl aldehyde, and coniferyl alcohol. To mimic an in vivo situation, a mixture of these four monolignol intermediates was incubated with microsomal proteins from lignifying stem xylem of sweetgum. This experiment should result in the formation of 5-hydroxyferulate according to the traditional ferulate 5-hydroxylation pathway for syringyl monolignol biosynthesis. But no 5-hydroxyferulate was detected. Instead, the single product formed exhibited the UV and MS spectral profiles of 5-hydroxyconiferyl aldehyde. To verify this reaction and to test whether it is mediated by LsM88, the assays were repeated by using microsomes from xylem and LsM88-transformed yeast cells with coniferyl aldehyde as the lone substrate. In both cases, the single product formed coeluted with authentic 5-hydroxyconiferyl aldehyde and exhibited UV and MS spectral properties identical to those of authentic 5-hydroxyconiferyl aldehyde ( Fig. 2A) . This identifies LsM88 as a protein that hydroxylates coniferyl aldehyde, instead of ferulate, to initiate the biosynthesis of the syringyl monolignol from the guaiacyl pathway. These results confirm a 5-hydroxylation function involved in monolignol metabolism (Table 1) . We therefore designated LsM88 as CAld5H and propose that CYP84 genes also encode a coniferyl aldehyde 5-hydroxylase.
Coniferyl Aldehyde Is 5-Hydroxylated and Methylated in Series by CAld5H and COMT to Form Sinapyl Aldehyde.
To support the proposed model of coniferyl aldehyde-initiated syringyl monolignol biosynthesis, methylation of 5-hydroxyconiferyl aldehyde to sinapyl aldehyde, as suggested by Higuchi (28) , must be demonstrated. The results from two sets of experiments attested to such a model. First, 5-hydroxyconiferyl aldehyde was converted exclusively into sinapyl aldehyde when incubated with E. coli-expressed LsCOMT (Fig. 2B and Table 1 ), providing the first evidence that the aldehyde precursor is methylated during monolignol biosynthesis and that COMT can catalyze this reaction. Second, when coniferyl aldehyde was incubated with a mixture of CAld5H-containing yeast P450 and E. coli-expressed COMT, it was converted into sinapyl aldehyde via 5-hydroxyconiferyl aldehyde (Fig. 2C , in red, and Table 1 ). Thus, CAld5H catalyzes 5-hydroxylation of coniferyl aldehyde into 5-hydroxyconiferyl aldehyde, which in turn is methylated by COMT to sinapyl aldehyde, supporting the idea of a hydroxylation͞methylation flux in vivo from guaiacyl to syringyl monolignol biosynthesis via coniferyl aldehyde. This finding stands in sharp contrast to the generally accepted idea that regulation of syringyl and guaiacyl lignin composition occurs upstream at the ferulate 5-hydroxylation step (1, 9, 10) .
Coniferyl Aldehyde Inhibits Ferulate 5-Hydroxylation, Eliminating the Reaction Sequence from Ferulate to Sinapate. Consistent with the reaction observed in xylem microsomes, recombinant CAld5H also selectively mediated the conversion of coniferyl aldehyde into 5-hydroxyconiferyl aldehyde from a substrate mixture of ferulate, feruloyl-CoA, coniferyl aldehyde, and coniferyl alcohol. Interestingly, when these substrates were incubated individually with either recombinant CAld5H or xylem microsomes, both coniferyl aldehyde and ferulate were 5-hydroxylated (Table 1) . Although the catalytic efficiency with ferulate is considerably lower than that with coniferyl aldehyde (Table 1) , a bifunctional 5-hydroxylase activity is implied. This bifunctional activity, however, is inconsistent with the exclusive detection of 5-hydroxyconiferyl aldehyde in mixed substrate reactions mediated either by xylem or CAld5H-containing yeast microsomes. This surprising discovery prompted us to determine whether coniferyl aldehyde inhibits the 5-hydroxylation of ferulate. Equal molar 
Substrate and recombinant protein concentrations and the control experiments were the same as described in Fig. 2 . For assaying xylem proteins, 9.5 and 720 g of soluble and microsome proteins were used, respectively, with the same substrate concentrations as for recombinant proteins and boiled plant proteins as control. Specific activities were mean Ϯ SD (n ϭ two to three independent assays). Reaction products: 5-OH-CAld, 5-hydroxyconiferyl aldehyde; 5-OH-FA, 5-hydroxyferulate; SAld, sinapyl aldehyde; SA, sinapate. Values were mean Ϯ SD (n ϭ three or four independent assays). coniferyl aldehyde and ferulate were incubated with recombinant CAld5H. This mixed substrate reaction resulted in a complete inhibition of ferulate 5-hydroxylation, but the conversion of coniferyl aldehyde into 5-hydroxyconiferyl aldehyde was conserved (Table 1) . Similarly, incubation of such mixed substrates with a mixture of yeast CAld5H and E. coli LsCOMT recombinant proteins resulted in the production of 5-hydroxyconiferyl aldehyde and sinapyl aldehyde, but not of 5-hydroxyferulate and sinapate (Fig. 2C, in green) . Elimination of coniferyl aldehyde from the substrate mixture restored the production of 5-hydroxyferulate and sinapate (Fig. 2C , in blue). Thus, these results provide unambiguous evidence that coniferyl aldehyde inhibits ferulate 5-hydroxylation, thereby eliminating the entire reaction sequence from ferulate to sinapate, the traditionally accepted branch to syringyl lignin biosynthesis (1, 9) . Coniferyl Aldehyde Is Both a Noncompetitive Inhibitor of Ferulate 5-Hydroxylation and the Substrate for 5-Hydroxylation Initiating Syringyl Monolignol Biosynthesis. To understand how coniferyl aldehyde may inhibit ferulate 5-hydroxylation in vivo, we studied the kinetics of CAld5H reaction. The specificity constant (k cat ͞K m ) values indicated that coniferyl aldehyde 5-hydroxylation is Ϸ140 times more efficient than ferulate 5-hydroxylation ( Table 2 ), suggesting that coniferyl aldehyde 5-hydroxylation would be the dominant reaction leading to syringyl monolignol biosynthesis. In fact, when coniferyl aldehyde and ferulate are used as substrates together, coniferyl aldehyde is both the favored substrate for 5-hydroxylation and a noncompetitive inhibitor of ferulate 5-hydroxylation (Fig. 3A) , with a K i of 0.59 Ϯ 0.01 M (Fig.  3B) . Consistent with the predicted degree of inhibition based on the K i value, no ferulate 5-hydroxylation activity could be detected at coniferyl aldehyde concentrations Ն4 M, regardless of ferulate concentrations (100 to 3,200 M). Various concentrations (0.02 to 2 M) of product 5-hydroxyconiferyl aldehyde had no effect on the CAld5H reaction with ferulate, confirming that substrate coniferyl aldehyde is solely responsible for the observed inhibition. In contrast, ferulate did not inhibit coniferyl aldehyde 5-hydroxylation at any concentrations tested. Based on the K i for coniferyl aldehyde and k cat ͞K m values for coniferyl aldehyde and ferulate, we concluded that ferulate 5-hydroxylation is unlikely to take place in the presence of coniferyl aldehyde in vivo.
Enzymatic reactions analogous to those of CAld5H and COMT recombinant proteins, including the coniferyl aldehyde-induced elimination of ferulate 5-hydroxylation and methylation, were obtained by using xylem proteins (Table 1) . Furthermore, by using HPLC-mass spectrometer detector analysis of methanol extracts from sweetgum xylem cells, we report detection of endogenous coniferyl, 5-hydroxyconiferyl, Proc. Natl. Acad. Sci. USA 96 (1999) and sinapyl aldehydes, at 12, 4, and 110 ng͞g fresh weight, respectively. The detection of these aldehydes in xylem cells and the kinetic results are consistent with a reaction sequence in planta from coniferyl aldehyde (3; in Fig. 4 ) to sinapyl aldehyde (6) via 5-hydroxyconiferyl aldehyde (5) catalyzed by CAld5H and COMT that diverts guaiacyl intermediates into syringyl monolignol biosynthesis. Proteins from aspen stem xylem catalyzed reactions (data not shown) similar to those catalyzed by sweetgum proteins, suggesting that coniferyl aldehyde-modulated CAld5H function for mediating syringyl monolignol biosynthesis may be common to angiosperm tree species.
To our knowledge, this is the first observation that noncompetitive inhibition among substrates may modulate a plant P450 activity. Our current results indicate a coniferyl aldehyde-sensitive 5-hydroxylation activity that regulates ferulate metabolism in angiosperms. In the absence of coniferyl aldehyde, CAld5H-catalyzed conversion of ferulate is possible, leading to the formation of 5-hydroxyferulate (8, Fig. 4 ) and sinapate (9) as the intermediates, for instance, for sinapoyl malate for UV protection in leaf epidermis (12, 29) , or as donors of acyl groups for esterification to the cell wall (30) . In its presence because of lignification in tissues such as developing xylem, coniferyl aldehyde, which interrupts ferulate 5-hydroxylation͞methylation to divert the carbon flow toward biosynthesis of lignin, becomes 5-hydroxylated to initiate syringyl monolignol biosynthesis. This finding may also suggest that 5-hydroxylation of ferulate and coniferyl aldehyde are developmentally regulated and that coniferyl aldehyde 5-hydroxylation is specific to lignifying tissues.
CONCLUSION
Our finding that coniferyl aldehyde in cooperation with CAld5H can block the ferulate 5-hydroxylation͞methylation reaction sequence challenges those ferulate-initiated branch pathways placing 8-11 (in Fig. 4) as the intermediates for monolignol biosynthesis. Another proposed branch from feruloyl CoA (2) to 5-hydroxyferuloyl CoA (10) for syringyl monolignol (31) also could not be substantiated, because there was no detectable hydroxylation of feruloyl CoA by either soluble or microsomal proteins from sweetgum lignifying xylem. Our results, supported by chemical, biochemical, and enzyme kinetic evidence, led us to conclude that CAld5H͞ COMT regulates the diversion of guaiacyl intermediates toward synthesis of syringyl monolignol. The CAld5H͞COMT pathway (3 to 6) also provides clarification as to (i) why syringyl lignin is formed when sinapate is not activated to its CoA ester by 4CL (13-15) ; (ii) why enrichment of syringyl lignin biosynthesis in transgenic Arabidopsis is not associated with detectable ferulate 5-hydroxylation activity (11); and (iii) why abnormal 5-hydroxyconiferyl aldehyde-derived monolignols accumulate in lignin of COMT-suppressed transgenic trees (18, 32) . Thus, based on the previously identified substrate preference of 4CL (13) (14) (15) , CCR (33, 34) , and CAD (35), these proteins, together with CAld5H and COMT, constitute a dynamic enzyme system (red arrows in Fig. 4 ) that efficiently mediates conversion of ferulate into the guaiacyl and syringyl monolignols, coniferyl alcohol (4), and sinapyl alcohol (7), respectively, for the biosynthesis of guaiacyl-syringyl lignin in angiosperms.
